Fe speciation and S-isotope of pyrite data from the terminal Proterozoic Sheepbed Formation in Canada and Doushantuo Formation in China reveal that ocean deep waters were anoxic after the global glaciations (snowball Earth) ending 635 million years ago, but that marine sulfate concentrations and inferentially atmospheric oxygen levels were higher than before the glaciations. This supports a long-postulated link between oxygen levels and the emergence of eumetazoa. Subsequent ventilation of the deep ocean, inferred from shifts in Fe speciation in Newfoundland (previously published data) and western Canada (this report), paved the way for Ediacaran macrobiota to colonize the deep seafloors.
Fe speciation and S-isotope of pyrite data from the terminal Proterozoic Sheepbed Formation in Canada and Doushantuo Formation in China reveal that ocean deep waters were anoxic after the global glaciations (snowball Earth) ending 635 million years ago, but that marine sulfate concentrations and inferentially atmospheric oxygen levels were higher than before the glaciations. This supports a long-postulated link between oxygen levels and the emergence of eumetazoa. Subsequent ventilation of the deep ocean, inferred from shifts in Fe speciation in Newfoundland (previously published data) and western Canada (this report), paved the way for Ediacaran macrobiota to colonize the deep seafloors.
atmospheric oxygen ͉ iron speciation ͉ sulfur isotopes ͉ Sheepbed Formation ͉ Doushantuo Formation A pair of global glaciations (1) between 725 and 635 million years ago (Cryogenian Period) was followed by the appearance and diversification of (mainly nonskeletal) multicellular animals in the Ediacaran Period from 635 to 541 million years ago (2-7). The oldest animal fossils include diapause egg and embryo cysts (Tianzhushania spinosa) from the lower Doushantuo Formation (Ϸ632 Ma) in South China (8) and lipid biomarkers (24-isopropylcholestane) diagnostic of marine demosponges in late Cryogenian and early Ediacaran strata of Oman (9) . In contrast, colonization of the deep seafloor (below the euphotic zone) by large soft-bodied organisms was delayed until mid-Ediacaran time Ϸ579 Ma (10) (11) (12) (13) (14) . The delayed appearance of large animals in the fossil record, Ϸ600 million years after multicellularity arose in algae (15) , inspired the hypothesis that an increase in atmospheric oxygen catalyzed early animal evolution (6, (16) (17) (18) (19) (20) (21) (22) .
Recent chemostratigraphic studies provide some evidence for progressive oxygenation of the Ediacaran ocean (23) , including mid-Ediacaran (ca. 580 Ma) deep waters (24) . The first study based its inference mainly on increasing sulfur isotope fractionation between coexisting sulfides and carbonate-associated sulfate (23) ; the second was based on the low ratios between highly reactive Fe and total Fe (FeHR/FeT) (24) . These data purport to ''see'' through the veil of diagenesis under the influence of anoxic pore-waters to the redox state of ancient seawater. Here, we present Fe speciation and S-isotope of pyrite data from deep-water ocean-margin settings in northwestern Canada and in South China that point to an extended early Ediacaran interval of sulfate-rich oceans with sulfidic deep waters, implying an oxygen-rich atmosphere, followed by the ventilation of deep waters in mid-Ediacaran time.
Geological Setting Northwest Canada. Ediacaran strata of the Windermere Supergroup (25) are exposed for Ͼ500 km along the concave-tosouthwest arc of the Mackenzie Mountains, the topographic expression of the early Cenozoic foreland thrust-fold belt of the northern Canadian Cordillera. Because of a low-angle unconformity with overlying Cambrian strata, the Ediacaran is mainly limited to the Plateau Thrust system, an outcrop belt less than Ϸ30 km wide. Fortuitously, it preserves the shelf-to-slope transition of an Ediacaran passive continental margin (25) (26) (27) . To the northeast (landward), Ediacaran strata were removed by sub-Cambrian erosion and to the southwest (seaward), they are mostly buried by younger rocks. Southwest of the Plateau Thrust system, a single transverse structural culmination exposes three separate inliers of Ediacaran strata, the most easterly of which (Sekwi Brook) contains a moderately diverse assemblage of mostly disk-shaped macrofossils, apparently representing the bases of sessile, polypoid, and frond-like, soft-bodied organisms, as well as rare ovate segmented fossils, and abundant simple or irregularly meandering burrows (28) (29) (30) . The oldest fossils (five genera of disk-shaped forms) occur in the middle Sheepbed Formation (Fig. 1) , a 1,050-m-thick sequence of black shales, turbiditic siltstones, and contour-current sands, deposited at estimated water depths of 1-1.5 km on an open-marine continental slope subject to geostrophic currents (26) . They are much larger and more diverse than the simple discs found between the two Cryogenian glacial horizons in the same area (31) .
The shelf-slope transition is best exposed on Stelfox Mountain ( Fig. 1) , 25 km northeast of Sekwi Brook, where a major down-to-southwest breakaway paleoscarp (32) marks the outer edge of the Keele Formation, a mixed carbonate-clastic shelf sequence beneath the end-Cryogenian glacial horizon (33) . The submarine landslide responsible for the paleoscarp generated an enormous megabreccia, the Durkan Formation (32), carrying house-size blocks of Keele shelf lithologies. The landslide is thought to be unrelated to the subsequent glaciation (32) , the retreat of which left a blanket (Stelfox Member) of nonstratified diamictite (marine till) and ice-rafted debris on both the hanging wall and footwall of the paleoscarp (Fig. 1) . Stelfox diamictite is overlain by a well developed syn-deglacial ''cap'' dolostone (Ravensthroat Formation) with giant wave ripples and corrugate stromatolites, overlain discontinuously by limestone (Hayhook Formation) with seafloor cements (27) . At Stelfox Mountain, the dolostone-limestone couplet tapers downslope because of slump-related truncation (Fig. 1) . The Ravensthroat Formation is widely assumed to be correlative with the Nuccaleena cap dolostone at the global stratotype section and point (GSSP) in South Australia, which defines the base of the Ediacaran Period (34, 35) .
The basal Ediacaran cap-carbonate couplet is overlain everywhere by a thick black shale, the Sheepbed Formation, which grades into flaggy dark limestones of the overlying Gametrail Formation on Stelfox Mountain (Fig. 1) . The shale is associated with long-term flooding of the shelf after the end-Cryogenian (''Marinoan'') glaciation. A stratigraphically and lithologically homologous section of Sheepbed Formation occurs at Shale Lake, 130 km to the northwest. Like Stelfox Mountain, the Shale Lake section is situated on the extreme edge of the Keele shelf (26) (27) (28) . The Gametrail at Shale Lake is a cliff-forming crystalline dolostone. We elected to measure and sample the Sheepbed Formation at two locations at Shale Lake. The first (64°31Ј40ЉN, 129°30Ј15ЉW) exposes the basal 60 m of the Sheepbed Formation above the Hayhook limestone [supporting information (SI) Table S1 ]; the second (64°30Ј15ЉN, 129°27Ј15ЉW) begins 33 m above the Hayhook and continues to the base of the Gametrail at a height of 559 m (Table S2) . Together, the two sections provide complete coverage of the Sheepbed Formation at Shale Lake (Fig. 1) . Although stratigraphic correlations within the Sheepbed Formation between Shale Lake and Sekwi Brook are unknown, the repeated occurrence of sandy contourites ( Fig. 1 ) at paleowater depths (1-1.5 km) estimated for the middle Sheepbed indicates that the continental slope was open to the world ocean in a gulf Ͼ100 km wide (26) . The uniform direction of contour-current flow (toward the northwest) implies a northern hemisphere location because a right-turning Coriolis force is ''usually required to keep a current in contact with a right-hand margin (as viewed looking downcurrent)'' (26) . In this situation, Ekman transport would have tended to push ocean waters onto the shelf. The shelf-edge section at Shale Lake should therefore reliably record the chemistry of the open ocean, with fewer problems related to faulting and submarine landsliding than with the slope section at Sekwi Brook (26) .
South China. The fossiliferous Doushantuo Formation in south China accumulated slowly (3.45 m yr Ϫ6 average rate) from 635 Ma, the end of the Nantuo glaciation, until 551 Ma (36) . In the shelf succession, the Doushantuo Formation consists mostly of flaggy carbonate and phosphorite overlain by the Dengying Formation, a cliff-forming sequence of carbonates that has yielded Ediacaran fossils (37, 38) . Putative bilaterian animal fossils and remarkable phosphatized embryos occur in Doushantuo shallow shelf phosphorite (5, (39) (40) (41) (42) (43) .
In the Lantian area of Anhui Province, black shales of the Lantian Formation ( Fig. 2 ; Table S3 ) are the deep-water basinal equivalents of the Doushantuo Formation (e.g., 44). The black shales overlie deposits of the Leigongwei glaciation, correlative with the Nantuo on the shelf, and underlie carbonates of the Piyuancun Formation that may be correlative to the Dengying Formation (45, 46) . Organic-rich black shales of the Lantian Formation were sampled from a basinal section where disseminated and small nodular pyrites are common throughout the and 160 m at Shale Lake. The dashed line separates anoxic deep water at Ͼ0.38 from oxic deep water at Ͻ0.38 (47) . Fe speciation data of filled circles were measured by using the method in ref. 47 , and the data of open circles were measured by using the method in ref. 52. whole succession (Fig. 2) . The section (Fig. 2) is Ϸ136 m thick and may represent the thickest basinal succession in the region. It thus records a relatively complete history of deep-water ocean chemistry.
Results and Discussion
Fe Speciation and Oceanic Redox Chemistry. To reconstruct the redox chemistry of the Ediacaran oceans, various Fe species were measured including dithionite-extractable Fe (FeD), pyrite Fe (FeP), and total Fe (FeT). A paleo-redox proxy (FeHR/FeT), the ratio between highly reactive Fe (FeHR ϭ FeD ϩ FeP) and total Fe (FeT) has been developed to distinguish shales deposited under sulfidic bottom waters from those formed under oxygenated bottom waters. In modern marine sediments, the former have FeHR/FeT ratios typically exceeding 0.38 (47, 48) . In contrast, sediments deposited under oxic bottom waters have FeHR/FeT ratios of Ͻ0.38 (47, 48) . The Fe speciation criterion has been successfully tested in ancient (Mesozoic) fine-grained sediments where oxic bottom waters are independently indicated by the presence and diversity of oxygen-requiring benthic fauna, and by the disruption of sedimentary layering (bioturbation) resulting from their feeding activities (49) . Fe speciation analyses are most useful in Precambrian sediments deposited before animals had evolved (24, 50 -52) . The elevated FeHR/FeT ratios of sediments deposited in anoxic basins may result from the formation of pyrite in sulfidic water columns in addition to that formed during diagenesis. The source of water-column Fe is probably either the reduction of Fe oxides in basin margin sediments impinged on by the anoxic water column or Fe oxide-containing particles falling through the water column (47, 48, 50, 53). Fig. 1) . Above this level, no value exceeds 0.25 and the average (n ϭ 27) is only 0.11. This striking shift of FeHR/FeT ratio indicates prevalent bottom-water anoxia at Ͻ140 m and persistent oxic conditions at Ͼ160 m. There is no corresponding change in the physical conditions of sedimentation between 140 and 160 m at Shale Lake (Fig. 1) . The first 420 m consists of organic-rich black shale, broken only by silty turbidite beds at 83 and 129 m. The first evidence of bottom traction currents appears between 420 and 462 m, where calcareous concretions are localized on starved contour-current ripples with crestal azimuths of Ϸ070°. Only at Ͼ488 m does evidence of wave action appear, well above the shift in Fe speciation (Fig. 1) . We therefore regard the shift in FeHR/FeT ratio to reflect a secular change in the redox state of ocean deep waters, not in the depth of water. Although we found no benthic macrofossils in the section at Shale Lake, their first appearance in the middle Sheepbed Formation at Sekwi Brook (25, 26) , at a stratigraphic height of Ϸ500 m (Fig. 1) , strongly suggests that they postdate the shift in FeHR/FeT ratio, consistent with a vital requirement for persistently oxygenated bottom waters. (Fig. 2) , providing compelling evidence for sulfidic conditions in the deep basinal waters adjacent to the Doushantuo shelf on which the oldest known animal fossils are found (8) . A few Lantian shales (n ϭ 9) have FeHR/FeT ratios of Ͻ0.38 (Fig.  2) , similar to values that have been reported from the lower sulfidic Sheepbed Formation (Fig. 1) and modern as well as ancient sulfidic marine sediments (47, 50, 51) . The low FeHR/ FeT values could result from a decreased transfer of reactive Fe mobilized from shelf sediments or a high flux of terrigenous clastics that could overwhelm Fe scavenging in the anoxic water columns (47, 48, 50, 53) .
Redox Chemistry of the Ediacaran Oceans. The middle and upper Sheepbed Formation at Sekwi Brook (Fig. 1) is generally considered to be younger than Ϸ580 Ma (11, 34) , based on correlation with the radiometrically dated fossil assemblages on the Avalon Peninsula of eastern Newfoundland (Fig. 3) . We attempted to test this correlation with C-isotope data from the Gametrail Formation (Table S4) , a unit sparsely sampled in previous studies (54, 55) . In the dolomitized and top-truncated Gametrail section at Shale Lake, C-isotopic values hover close to 4‰ (Fig. 1) . This is most similar to the Khufai Formation (Nafun Group) in Oman (23, 56) . Because uncertainty over the age of the overlying Shuram C-isotope anomaly, the Khufai Formation could be younger (36) or older (23, 57) than 580 Ma. The Gametrail values are also similar (with less scatter) to the upper Hüttenberg Formation (Otavi Group) in Namibia (58) and the lower-middle Doushantuo Formation in South China (44, 59) , both of which are tentatively interpreted to predate 580 Ma. If the Gametrail Formation predates 580 Ma (Fig. 3, column  A) , then the macrofossils in the middle Sheepbed Formation (29) and the FeHR/FeT shift ( Fig. 1 ) must be older than their counterparts in eastern Newfoundland (10, 24) . Alternatively, if the Gametrail Formation is younger than 580 Ma (34, 36) , the FeHR/FeT shift and benthic macrofossils in both areas might be correlative (Fig. 3, column B) . In this case, our Fe speciation data from the Doushantuo and Sheepbed formations provide evidence for global deep-water anoxia for Ϸ55 million years after the end-Cryogenian glacial termination in 635 Ma (36) . S-isotope and Oceanic Sulfate Concentration. Sulfate concentrations inferred from S-isotopic records are an excellent tracer of atmospheric oxygen levels (e.g., [60] [61] [62] [63] [64] . To reconstruct their concentrations in late Neoproterozoic oceans, S-isotopic compositions of pyrites in sedimentary rocks of the Sheepbed and Lantian formations were measured. S-isotopic compositions of pyrite in the lower Sheepbed Formation range from Ϫ23.1 to ϩ 27.3‰ (see also ref. 60 with four S-isotopic analyses ranging from Ϫ12.6 to ϩ22.6‰) (Fig. 1) . Pyrites in the oxic sediments of the upper Sheepbed Formation show a similar wide range of ␦ 34 S values from Ϫ22.5 to ϩ44.8‰ (Fig. 1) . Likewise, pyrites in the Lantian black shales are characterized by ␦ 34 S values from Ϫ21.9 to ϩ 20.9‰ (Fig. 2) .
The S-isotopic data of pyrites from both the lower Sheepbed and Lantian formations show significant 34 S-depleted values relative to coeval seawater sulfate with a probable isotopic value of ϩ30 -35‰ (65) (Figs. 1 and 2 ). These isotopic records are consistent with sulfidic depositional environments where pyrite formation in the water columns and sediments are often not limited by sulfate availability and are therefore 34 Sdepleted. However, the S-isotopic data of pyrites from oxic upper Sheepbed Formation also show 34 S-depleted values comparable to those from the lower sulfidic sediments and the basinal Lantian Formation (Figs. 1 and 2 ). The same pattern is seen when we compare S-isotopic data from the sulfidic Lantian Formation in China ranging from Ϫ21.9 to ϩ20.9‰ and the correlative Pertatataka Formation deposited under oxic normal marine conditions in Australia with ␦ 34 S values from Ϫ22.0 to ϩ34.1‰ (66) . Thus, intra-and interbasinal correlations suggest that the late Ediacaran S-isotopic records of pyrites are not sensitive to changes in water-column redox chemistry.
S-isotopic patterns of pyrites that are independent of watercolumn redox chemistry have been observed from numerous Phanerozoic anoxic marine basins, arguably as a result of high oceanic sulfate concentrations in an oxygen-rich Phanerozoic world (60, 67) . Under sulfate-rich conditions, most diagenetic pyrites in oxic sediments are formed near the redox boundary within the sediments where sulfate depletions are minimal. Therefore, ␦ 34 S value of seawater sulfate is inherited in nearsurface pore waters, producing a wide range of 34 S-depleted isotopic values as observed in many Phanerozoic rocks (e.g., 67).
Pyrites in the oxic upper Sheepbed Formation exhibit comparable 34 S-depleted isotopic values (down to Ϫ22.5‰) to those in the sulfidic Lantian and lower Sheepbed formations (down to Ϫ23.1‰) (Figs. 1 and 2) . A few pyrites (n ϭ 4) in the oxic upper Sheepbed with exceptionally positive values heavier than seawater sulfate (ϩ30-35‰) could have resulted from rare sulfate depletion in the sediments and/or methane-driven sulfate reduction (68) . Regardless, the Sheepbed and Lantian formations display Phanerozoic-type S-isotopic fractionations. Therefore, they provide strong evidence for sulfate-rich conditions in the Ediacaran oceans and, by implication, elevated atmospheric oxygen. However, the early Ediacaran ocean was sulfidic, evidenced by our Fe speciation data, suggesting that sulfate concentrations had not yet reached the levels of modern oceans (Ϸ28 mM) and that atmospheric oxygen was below present levels. The Fe speciation was analyzed by using the method of Raiswell and Canfield [(1998) Sources of iron for pyrite formation in marine sediments. Am J Sci 298:219 -245] except for FeHR/FeT data in parentheses, which were analyzed by using the method of Poulton et al. [(2004) The transition to a sulfidic ocean Ϸ1.84 billion years ago. Nature 431:173-177]. We did not find any significant carbonate-associated Fe in our samples and the two methods yielded nearly the same values for the samples where both methods were used. The Fe speciation was analyzed by using the method of Raiswell and Canfield [(1998) Sources of iron for pyrite formation in marine sediments. Am J Sci 298:219 -245] except for FeHR/FeT data in parentheses, which were analyzed by using the method of Poulton et al. [(2004) The transition to a sulfidic ocean Ϸ1.84 billion years ago. Nature 431:173-177]. We did not find any significant carbonate-associated Fe in our samples and the two methods yielded nearly the same values for the samples where both methods were used. 
Conclusions

